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Combined constraints from the CDF and D0 Collaborations on models of the Higgs boson with
exotic spin J and parity P are presented and compared with results obtained assuming the standard
model value JP = 0+. Both collaborations analyzed approximately 10 fb−1 of proton-antiproton
collisions with a center-of-mass energy of 1.96 TeV collected at the Fermilab Tevatron. Two models
predicting exotic Higgs bosons with JP = 0− and JP = 2+ are tested. The kinematic properties of
exotic Higgs boson production in association with a vector boson differ from those predicted for the
standard model Higgs boson. Upper limits at the 95% credibility level on the production rates of
the exotic Higgs bosons, expressed as fractions of the standard model Higgs boson production rate,
are set at 0.36 for both the JP = 0− hypothesis and the JP = 2+ hypothesis. If the production
rate times the branching ratio to a bottom-antibottom pair is the same as that predicted for the
standard model Higgs boson, then the exotic bosons are excluded with significances of 5.0 standard
deviations and 4.9 standard deviations for the JP = 0− and JP = 2+ hypotheses, respectively.
PACS numbers: 13.85.Rm, 14.80.Bn, 14.80.Ec
The Higgs boson discovered by the ATLAS [1] and
CMS [2] Collaborations in 2012 using data produced in
proton-proton collisions at the Large Hadron Collider
(LHC) at CERN allows many stringent tests of the elec-
troweak symmetry breaking in the standard model (SM)
and extensions to the SM to be performed. To date,
measurements of the Higgs boson’s mass and width [3–
6], its couplings to other particles [3, 7–11], and its spin
and parity quantum numbers J and P [10–16] are consis-
tent with the expectations for the SM Higgs boson. The
CDF and D0 Collaborations at the Fermilab Tevatron
observed a 3.0 standard deviation (s.d.) excess of events
consistent with a Higgs boson signal, largely driven by
those channels sensitive to the decay of the Higgs boson
to bottom quarks (H → bb¯) [17, 18]. The Tevatron data
are also consistent with the predictions for the properties
of the SM Higgs boson [18–22].
Ref. [23] proposed to use the Tevatron data to test
models for the Higgs boson with exotic spin and parity,
using events in which the exotic Higgs boson X is pro-
duced in association with aW or a Z boson and decays to
a bottom-antibottom quark pair, X → bb¯. This proposal
used two of the spin and parity models in Ref. [24], one
with a pseudoscalar JP = 0− state and the other with
6a graviton-like JP = 2+ state. For the SM Higgs bo-
son, which has JP = 0+, the differential production rate
near threshold is linear in β, where β = 2p/
√
sˆ, p is the
momentum of the X boson in the VX (V = W or Z) ref-
erence frame, and
√
sˆ is the total energy of the VX system
in its rest frame. For the pseudoscalar model, the depen-
dence is proportional to β3. For the graviton-like model,
the dependence is proportional to β5; however, not all
JP = 2+ models share this β5 factor [23]. These powers
of β alter the kinematic distributions of the observable
decay products of the vector boson and the Higgs-like
boson X , most notably the invariant mass of the VX
system, which has a higher average value in the JP = 0−
hypothesis than in the SM 0+ case, and higher still in
the JP = 2+ hypothesis. These models predict neither
the production rates nor the decay branching fractions of
the X particles.
The ATLAS and CMS Collaborations recently re-
ported strong evidence for Higgs boson decays to
fermions [25–30], with sensitivity dominated by the H →
τ+τ− decay mode, though they have not yet performed
spin and parity tests using fermionic decays. The par-
ticle decaying fermionically for which the Tevatron also
found evidence might not be the same as the particle dis-
covered through its bosonic decays at the LHC. Tests of
the spin and parity [23] with Tevatron data therefore
provide unique information on the identity and prop-
erties of the new particle or particles. The CDF and
D0 Collaborations have re-optimized their SM Higgs bo-
son searches to test the exotic Higgs boson models in
the WH → ℓνbb¯ [31, 32], ZH → ℓ+ℓ−bb¯ [33, 34], and
WH + ZH → E/T bb¯ [35, 36] channels, where ℓ = e or µ
and E/T is the missing transverse energy [37]. In this let-
ter we report a combination of the CDF [21] and D0 [22]
studies of the JP assignments of the state X , with mass
mX = 125 GeV/c
2, in the X → bb¯ decay.
The CDF and D0 detectors are multipurpose solenoidal
spectrometers surrounded by hermetic calorimeters and
muon detectors designed to study the products of 1.96
TeV proton-antiproton (pp¯) collisions [38, 39]. All
searches combined here use the complete Tevatron data
sample, which, after data quality requirements, corre-
sponds to 9.45 – 9.7 fb−1 of integrated luminosity, de-
pending on the experiment and the search channel.
Standard model Higgs boson signal events are sim-
ulated using the leading-order (LO) calculation from
pythia [40], with CTEQ5L (CDF) and CTEQ6L1
(D0) [41] parton distribution functions (PDFs). The
JP = 0− and JP = 2+ signal samples are generated
using madgraph 5 version 1.4.8.4 [42], with modifica-
tions provided by the authors of Ref. [23]. Subsequent
particle showering is modeled by pythia. We normalize
the SM Higgs boson rate predictions to the highest-order
calculations available. TheWH and ZH cross sections are
calculated at next-to-next-to-leading-order (NNLO) pre-
cision in the strong interaction, and next-to-leading-order
(NLO) precision in the electroweak corrections [43–46].
We use the branching fractions for Higgs boson decay
from Ref. [47]. These rely on calculations using hde-
cay [48] and prophecy4f [49].
The predictions of the dominant background rates and
kinematic distributions are treated in the following way.
Diboson (WW, WZ, and ZZ) Monte Carlo (MC) sam-
ples are normalized using the NLO calculations from
mcfm [50]. For tt¯, we use a production cross section of
7.04± 0.70 pb [51], which is based on a top quark mass
of 173 GeV/c2 [52] and MSTW 2008 NNLO PDFs [53].
The single top quark production cross section is assumed
to be 3.15 ± 0.31 pb [54]. For details of the generators
used, see Ref. [55]. Data-driven methods are used to nor-
malize the V plus light-flavor and heavy-flavor jet back-
grounds [60] using V data events containing no b-tagged
jets [61], which have negligible signal content [62, 63].
The MC modeling of the kinematic distributions of the
background predictions is described in Refs. [31–36].
The event selections are similar (CDF), or identical
(D0), to those used in their SM counterparts [31–36].
For the WH → ℓνbb¯ analyses, events are selected with
one identified lepton (e or µ), jets, and large E/T . For
the CDF WH → ℓνbb¯ analysis, only events with two jets
are used. Events are classified into separate categories
based on the quality of the identified lepton. Separate
categories are used for events with a high-quality muon
or central electron candidate, an isolated track, or a for-
ward electron candidate. Within the lepton categories,
five exclusive b-tag categories, comprising two single-tag
and three double-tag categories, are formed. The mul-
tivariate b-tagger used by CDF [64] was trained on SM
Higgs boson signal MC events. Few of these events con-
tained jets with with transverse energy ET > 200 GeV
and thus the tagger does not perform well for such jets.
Hence, only jets with ET < 200 GeV are considered. For
the D0 WH → ℓνbb¯ analysis, events are selected with
two or three jets. The data are split by lepton flavor
and jet multiplicity (two or three jet subchannels), and
by the output of the b-tagging algorithm applied to all
selected jets in the event. This channel, along with the
other two D0 channels, uses a multivariate b-tagging al-
gorithm [65, 66]. Four exclusive b-tag categories, one
single-tag and three double-tag, are formed. In the SM
Higgs boson search, boosted decision trees are used as
the final discriminating variables; here they are used to
further subdivide the selected data sample into high- and
low-purity categories.
The ZH → ℓ+ℓ−bb¯ analyses require two isolated lep-
tons and at least two jets. The CDF analysis separates
events into one single- and three double-b-tag samples
and uses neural networks to select loose dielectron and
dimuon candidates. The jet energies are corrected for
E/T using a neural network [67]. The CDF analysis uses
a multistep discriminant based on neural networks, where
two discriminant functions are used to define three sep-
7arate regions of the final discriminant function. The
D0 ZH → ℓ+ℓ−bb¯ analysis separates events into non-
overlapping samples of events with either a single or dou-
ble b-tag. To increase the signal acceptance, the selection
criteria for one of the leptons are loosened to include iso-
lated tracks not reconstructed in the muon detector and
electron candidates from the intercryostat region of the
D0 detector. Combined with the dielectron and dimuon
categories, these provide four independent lepton sub-
channels. A kinematic fit is used to optimize reconstruc-
tion. Random forests (RF) of decision trees [68, 69] are
used to provide the final variables in the SM Higgs boson
search. The first RF is designed to discriminate against tt¯
events and divides events into tt¯-enriched and tt¯-depleted
single-tag and double-tag regions. Only events in the
tt¯-depleted regions are considered in this study. These
regions contain approximately 94% of the SM signal.
For the ZH → νν¯bb¯ analyses, the selections used by
CDF and D0 are similar to the WH selections, except
that all events with isolated leptons are rejected and more
stringent techniques are applied to reject the multijet
background. In a sizable fraction of WH → ℓνbb¯ sig-
nal events, the lepton is undetected. Such events often
are selected in the ZH → νν¯bb¯ samples, so these analyses
are also referred to as V H → E/T bb¯. The CDF analysis
uses three non-overlapping b-tag categories (two double-
and one single-tag) and two jet categories (two- or three-
jet events), giving a total of six subchannels. In the D0
analysis, exactly two jets are required and two exclusive
double-tag categories are defined using the sum of the
b-tagging outputs for each of the two selected jets.
Both CDF and D0 have a 50% larger acceptance for the
JP = 0− and JP = 2+ signals in the ZH → νν¯bb¯ analyses
compared with the SM Higgs boson signal, largely due
to the fact that the exotic signal events are more likely
to pass the trigger thresholds for E/T , a consequence of
the larger average V X invariant masses. The other two
channels, WH → ℓνbb¯ and ZH → ℓ+ℓ−bb¯, do not benefit
as much from the additional E/T in these events, as they
rely on the lepton triggers, which are more efficient than
the E/T triggers in the relevant kinematic regions.
Unlike their SM counterparts, these analyses are op-
timized to distinguish the JP = 0− and the JP = 2+
hypotheses from the SM 0+ hypothesis. The exotic par-
ticles are considered either in addition to, or replacing,
the SM Higgs boson. A mixture of all three states is not
considered.
The CDF multivariate analysis (MVA) discriminants
were newly trained to separate the exotic Higgs boson
signals from the SM backgrounds [21]. In the WH →
ℓνbb¯ and V H → E/T bb¯ channels, events classified as
background-like by the new discriminants are then clas-
sified according to the SM-optimized MVA discriminants
in order to improve the performance of tests between the
SM and exotic hypotheses.
Depending on the channel, D0 uses either the recon-
structed dijet mass or the MVA used in the SM Higgs bo-
son search to separate events into high- and low-purity
samples. The mass of the VX system is then used to
discriminate between the exotic and SM hypotheses [22].
For the ZH → ℓℓbb¯ analysis the invariant mass of the two
leptons and the two highest pT jets is used. For the ℓνbb¯
and ννbb¯ final states the transverse mass MT is used,





2 − (~pVT + ~pXT )2 and the trans-
verse momenta of the Z and W bosons are taken to be
~pZT =
~6ET and ~pWT = ~6ET + ~pℓT , respectively.
The number of contributing channels is large, and their
sensitivities vary from one to another. To visualize the
data in a way that emphasizes the sensitivity to the ex-
otic signals, we follow Ref. [18]. Bins of the final discrim-
inant for all channels are ordered by increasing signal-
to-background ratio (s/b) and are shown in comparison
with predicted yields from signal and background pro-
cesses for the JP = 0− and JP = 2+ searches in Fig. 1
separately. The backgrounds are fit to the data in each
case, allowing the systematic uncertainties to vary within
their a priori constraints. The exotic signals are normal-
ized to the SM cross section times branching ratio mul-
tiplied by an exotic-signal scaling factor, µexotic. They
are shown in Fig. 1 with µexotic = 1. The scaling fac-
tor for the SM Higgs boson signal is denoted by µSM. A
value of one for either µSM or µexotic corresponds to a
cross section times branching ratio as predicted for the
SM Higgs boson. Both figures show agreement between
the background predictions and the observed data over
five orders of magnitude with no evidence for an excess
of exotic signal-like candidates.
We follow Ref. [18] and perform both Bayesian and
modified frequentist calculations of the upper limits on
exotic X boson production with and without SM Higgs
production, best-fit cross sections allowing for the simul-
taneous presence of a SM Higgs boson and an exotic X
boson, and hypothesis tests for signals assuming various
production rate times branching ratio values for the ex-
otic bosons. Both methods use likelihood calculations
based on Poisson probabilities that include SM back-
ground processes and signal predictions for the SM Higgs
and exotic bosons multiplied by their respective scaling
factors, µSM and µexotic. Systematic uncertainties on the
predicted rates and on the shapes of the distributions and
their correlations are treated as described in Ref. [18].
Theoretical uncertainties in cross sections and branching
ratios are considered fully correlated between CDF and
D0, and between analysis samples. The uncertainties on
the measurements of the integrated luminosities, which
are used to normalize the expected signal yields and the
MC-based background rates, are 6.0% (CDF) and 6.1%
(D0). Of these values, 4% arises from the inelastic pp¯
cross section [70], which is fully correlated between CDF
and D0. The dominant uncertainties on the backgrounds
are constrained by the data in low s/b regions of the

























Tevatron Run II, L ≤ 10 fb-1

























Tevatron Run II, L ≤ 10 fb-1
VX→Vbb–, JP = 2+ (b)
FIG. 1: (color online). Distribution of log10(s/b) for CDF
and D0 data from all contributing search channels, for (a) the
JP = 0− search and (b) the JP = 2+ search. The data are
shown with points, and the expected exotic signals are shown
with µexotic = 1 stacked on top of the fitted backgrounds. The
solid lines denote the predictions for the SM Higgs boson, and
are not stacked. Underflows and overflows are collected into
the leftmost and rightmost bins, respectively.
by CDF and D0 to estimate V+jets and multijet back-
grounds and so their uncertainties are considered uncor-
related. Similarly, the uncertainties on the data-driven
estimates of the b-tag efficiencies are considered uncorre-
lated between CDF and D0, as are the uncertainties on
the jet energy scales, the trigger efficiencies, and lepton
identification efficiencies. We quote Bayesian upper lim-
its and best-fit cross sections assuming uniform priors for
non-negative signal cross sections, and we use the modi-
fied frequentist method to perform the hypothesis tests.
Systematic uncertainties are parameterized by nuisance
parameters with Gaussian priors, truncated so that no
predicted yield for any process in any search channel is
negative.
For both the JP = 0− and JP = 2+ models, we com-
pute two 95% credibility upper limits on µexotic, one as-
suming µSM = 1 and the other assuming µSM = 0. The
expected limits are the median expectations assuming
no exotic boson is present. The results are listed in Ta-
ble I. Two-dimensional credibility regions, which are the
smallest regions containing 68% and 95% of the poste-
rior probabilities, are shown in Fig. 2. The points in the
(µSM, µexotic) planes that maximize the posterior prob-
ability densities are shown as the best-fit values. These
best-fit values are (µSM=1.0, µ0− = 0) for the search
for the JP = 0− state, and (µSM=1.1, µ2+ = 0) for the
search for the JP = 2+ state. We also derive upper limits
on the fraction fJP = µexotic/(µexotic+µSM), as functions
of the total µ = µexotic + µSM, assuming a uniform prior
probability density in non-negative fJP , extended to in-
clude fractions larger than 1.0 in order not to saturate
the limits at fJP = 0.95 for µ < 0.6, where the test is
weak. The results are shown in Fig. 3.
In the modified frequentist approach [71, 72] we com-
pute p values for the discrete two-hypothesis tests,
the SM Higgs boson hypothesis (the “null” hypothe-
sis) (µSM=1, µexotic=0) and the exotic (“test”) hypoth-
esis (µSM=0, µexotic=1), both assuming that SM back-
ground processes are present. The choice of setting
µexotic = 1 in the test hypothesis is arbitrary; the sen-
sitivity of the test is reduced if a smaller value is as-
sumed. We use the log-likelihood ratio, LLR, defined
to be −2 ln(p(data|test)/p(data|null), where the numer-
ator and denominator are maximized over systematic
uncertainty variations [18]. The LLR distributions are
shown in the supplemental material [73]. We define
the p values pnull = P (LLR ≤ LLRobs|SM) and ptest =
P (LLR ≥ LLRobs|exotic). The median expected p values
pexoticnull,med in the test hypothesis and p
SM
test,med in the SM hy-
pothesis quantify the sensitivities of the two-hypothesis
tests for exclusion and discovery, respectively. Table II
lists these p values for both exotic models, as well as
CLs = ptest/(1 − pnull) [71] for the Tevatron combina-
tion. To compute ptest and the expected values of pnull
and ptest, Wilks’s theorem is used [74].
The similarity of the limits and p values obtained for
the JP = 0− and the JP = 2+ searches is expected since
the exotic models predict excesses in similar portions of
kinematic space.
In summary, we combine CDF’s and D0’s tests for the
presence of a pseudoscalar Higgs boson with JP = 0−
and a graviton-like boson with JP = 2+ in the WX →
ℓνbb¯, the ZX → ℓ+ℓ−bb¯, and the VX → E/T bb¯ search
channels using models described in Ref. [23]. The masses
of the exotic bosons are assumed to be 125 GeV/c2. No
evidence is seen for either exotic particle, either in place
of the SM Higgs boson or produced in a mixture with a
JP = 0+ Higgs boson. In both searches, the best-fit cross
section times the decay branching ratio into a bottom-
9TABLE I: Observed and median expected Bayesian upper
limits at the 95% credibility level on µexotic for the pseu-
doscalar (JP = 0−) and graviton-like (JP = 2+) boson mod-
els, assuming either that the SM Higgs boson is also present
(µSM = 1) or absent (µSM = 0).
Channel Observed Median Expected
(Limit/σSM ) (Limit/σSM )
JP = 0−, µSM = 0 0.36 0.32
JP = 0−, µSM = 1 0.29 0.32
JP = 2+, µSM = 0 0.36 0.33
JP = 2+, µSM = 1 0.31 0.34
TABLE II: Observed (obs) and median expected (med) LLR
values and p values for the combined CDF and D0 searches
for the pseudoscalar (JP = 0−) boson and the graviton-like
(JP = 2+) boson. The p values are listed, and the corre-
sponding significances in units of standard deviations, using
a one-sided Gaussian tail calculation, are given in parenthe-
ses. The two hypotheses tested are (µSM, µexotic) = (1, 0) and
(0, 1) for the SM and the exotic models, respectively.




pnull 0.63 (−0.34) 0.66 (−0.41)
pexoticnull,med 1.8×10
−8 (5.5) 1.9×10−8 (5.5)
ptest 9.4×10
−8 (5.2) 1.9×10−7 (5.1)
pSMtest,med 4.7×10
−7 (4.9) 1.2×10−6 (4.7)
CLs 2.6×10
−7 (5.0) 5.6×10−7 (4.9)
CLSMs,med 9.4×10
−7 (4.8) 2.3×10−6 (4.6)
antibottom quark pair of a JP = 0+ signal component
is consistent with the prediction of the SM Higgs boson.
The Bayesian posterior probability densities for the JP =
0− and JP = 2+ searches are shown in Ref. [73].
Upper limits at 95% credibility on the rate of the pro-
duction of an exotic Higgs boson in the absence of a SM
JP = 0+ signal are set at 0.36 times the SM Higgs pro-
duction rate for both the JP = 0− and the JP = 2+
hypotheses. If the production rate of the hypothetical
exotic particle times its branching ratio to a bottom-
antibottom quark pair is the same as that predicted for
the SM Higgs boson, then the exotic models are excluded
with significances of 5.0 s.d. and 4.9 s.d. for the JP = 0−
and JP = 2+ hypotheses, respectively.
Acknowledgments
We thank the Fermilab staff and technical staffs of the
participating institutions for their vital contributions.
We acknowledge support from the Department of Energy
SM
m














 10 fb£Tevatron Run II, L 
b VbfiVX
(a)J  = 0 P       − 
SM
m














 10 fb£Tevatron Run II, L 
b VbfiVX
(b)J  = 2 P       + 
FIG. 2: (color online). Two-dimensional credibility regions
in the (µexotic, µSM) plane, for the combined CDF and D0
searches for (a) the pseudoscalar (JP = 0−) boson, and (b)
the graviton-like (JP = 2+) boson.
and the National Science Foundation (United States of
America), the Australian Research Council (Australia),
the National Council for the Development of Science
and Technology and the Carlos Chagas Filho Founda-
tion for the Support of Research in the State of Rio
de Janeiro (Brazil), the Natural Sciences and Engineer-
ing Research Council (Canada), the China Academy of
Sciences, the National Natural Science Foundation of
China, and the National Science Council of the Repub-
lic of China (China), the Administrative Department
of Science, Technology and Innovation (Colombia), the
Ministry of Education, Youth and Sports (Czech Re-
public), the Academy of Finland (Finland), the Alter-
native Energies and Atomic Energy Commission and
the National Center for Scientific Research/National In-
stitute of Nuclear and Particle Physics (France), the













0 0.5 1 1.5 2 2.5 3









Tevatron Run II, L ≤ 10 fb-1
Obs. exclusion JP = 0-
Obs. exclusion JP = 2+
95% C.L.
Exp. exclusion JP = 0-
Exp. exclusion JP = 2+
FIG. 3: (color online). Observed and expected upper limits
at the 95% C.L. on the fraction of exotic boson production
for the JP = 0− and JP = 2+ hypotheses.
Ministry of Education and Research) and the Deutsche
Forschungsgemeinschaft (German Research Foundation)
(Germany), the Department of Atomic Energy and De-
partment of Science and Technology (India), the Science
Foundation Ireland (Ireland), the National Institute for
Nuclear Physics (Italy), the Ministry of Education, Cul-
ture, Sports, Science and Technology (Japan), the Ko-
rean World Class University Program and the National
Research Foundation of Korea (Korea), the National
Council of Science and Technology (Mexico), the Founda-
tion for Fundamental Research on Matter (Netherlands),
the Ministry of Education and Science of the Russian
Federation, the National Research Center “Kurchatov
Institute” of the Russian Federation, and the Russian
Foundation for Basic Research (Russia), the Slovak R&D
Agency (Slovakia), the Ministry of Science and Innova-
tion, and the Consolider-Ingenio 2010 Program (Spain),
the Swedish Research Council (Sweden), the Swiss Na-
tional Science Foundation (Switzerland), the Ministry of
Education and Science of Ukraine (Ukraine), the Science
and Technology Facilities Council and The Royal Society
(United Kingdom), the A.P. Sloan Foundation (USA),
and the European Union community Marie Curie Fel-
lowship contract 302103.
∗ Deceased
† With visitors from aUniversity of British Columbia, Van-
couver, BC V6T 1Z1, Canada, bIstituto Nazionale di
Fisica Nucleare, Sezione di Cagliari, 09042 Monserrato
(Cagliari), Italy, cUniversity of California Irvine, Irvine,
CA 92697, USA, dInstitute of Physics, Academy of Sci-
ences of the Czech Republic, 182 21, Czech Republic,
eCERN, CH-1211 Geneva, Switzerland, fCornell Uni-
versity, Ithaca, NY 14853, USA, gUniversity of Cyprus,
Nicosia CY-1678, Cyprus, hOffice of Science, U.S. De-
partment of Energy, Washington, DC 20585, USA,
iUniversity College Dublin, Dublin 4, Ireland, jETH,
8092 Zu¨rich, Switzerland, kUniversity of Fukui, Fukui
City, Fukui Prefecture, Japan 910-0017, lUniversidad
Iberoamericana, Lomas de Santa Fe, Me´xico, C.P. 01219,
Distrito Federal, mUniversity of Iowa, Iowa City, IA
52242, USA, nKinki University, Higashi-Osaka City,
Japan 577-8502, oKansas State University, Manhattan,
KS 66506, USA, pBrookhaven National Laboratory, Up-
ton, NY 11973, USA, qIstituto Nazionale di Fisica Nu-
cleare, Sezione di Lecce, Via Arnesano, I-73100 Lecce,
Italy, rQueen Mary, University of London, London, E1
4NS, United Kingdom, sUniversity of Melbourne, Vic-
toria 3010, Australia, tMuons, Inc., Batavia, IL 60510,
USA, uNagasaki Institute of Applied Science, Nagasaki
851-0193, Japan, vNational Research Nuclear Univer-
sity, Moscow 115409, Russia, wNorthwestern University,
Evanston, IL 60208, USA, xUniversity of Notre Dame,
Notre Dame, IN 46556, USA, yUniversidad de Oviedo,
E-33007 Oviedo, Spain, zCNRS-IN2P3, Paris, F-75205
France, aaUniversidad Tecnica Federico Santa Maria,
110v Valparaiso, Chile, bbThe University of Jordan, Am-
man 11942, Jordan, ccUniversite catholique de Lou-
vain, 1348 Louvain-La-Neuve, Belgium, ddUniversity of
Zu¨rich, 8006 Zu¨rich, Switzerland, eeMassachusetts Gen-
eral Hospital, Boston, MA 02114 USA, ffHarvard Medi-
cal School, Boston, MA 02114 USA, ggHampton Univer-
sity, Hampton, VA 23668, USA, hhLos Alamos National
Laboratory, Los Alamos, NM 87544, USA, iiUniversita`
degli Studi di Napoli Federico I, I-80138 Napoli, Italy
‡ With visitors from jjAugustana College, Sioux Falls,
SD, USA, kkThe University of Liverpool, Liverpool,
UK, llDESY, Hamburg, Germany, mmUniversidad Mi-
choacana de San Nicolas de Hidalgo, Morelia, Mexico,
nnSLAC, Menlo Park, CA, USA, ooUniversity College
London, London, UK, ppCentro de Investigacion en Com-
putacion - IPN, Mexico City, Mexico, qqUniversidade Es-
tadual Paulista, Sa˜o Paulo, Brazil, rrKarlsruher Insti-
tut fu¨r Technologie (KIT) - Steinbuch Centre for Com-
puting (SCC), ssOffice of Science, U.S. Department of
Energy, Washington, D.C. 20585, USA, ttAmerican As-
sociation for the Advancement of Science, Washington,
D.C. 20005, USA, uuNational Academy of Science of
Ukraine (NASU) - Kiev Institute for Nuclear Research
(KINR), vvUniversity of Maryland, College Park, MD
20742, wwEuropean Organization for Nuclear Research
(CERN)
[1] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 716,
1 (2012).
[2] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B
716, 30 (2012).
[3] S. Chatrchyan et al. (CMS Collaboration), J. High En-
ergy Phys. 06 (2013) 081.
[4] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 90,
052004 (2014).
[5] G. Aad et al. (ATLAS Collaboration), ATLAS-CONF-
2014-042 (2014).
[6] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B
736, 64 (2014).
[7] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 726,
88 (2013).
[8] G. Aad et al. (ATLAS Collaboration), ATLAS-CONF-
11
2013-034 (2013).
[9] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 91,
012006 (2015).
[10] S. Chatrchyan et al. (CMS Collaboration), Phys. Rev. D
89, 092007 (2014).
[11] S. Chatrchyan et al. (CMS Collaboration), Eur. Phys. J.
C 74 (2014) 3076.
[12] G. Aad et al. (ATLAS Collaboration), ATLAS-CONF-
2013-040 (2013).
[13] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 726,
120 (2013).
[14] S. Chatrchyan et al. (CMS Collaboration), Phys. Rev.
Lett. 110, 081803 (2013).
[15] S. Chatrchyan et al. (CMS Collaboration), J. High En-
ergy Phys. 01 (2014) 096.
[16] V. Khachatryan et al. (CMS Collaboration),
arXiv:1411.3441 [hep-ex].
[17] T. Aaltonen et al. (CDF and D0 Collaborations), Phys.
Rev. Lett. 109, 071804 (2012).
[18] T. Aaltonen et al. (CDF and D0 Collaborations), Phys.
Rev. D 88, 052014 (2013).
[19] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D
88, 052013 (2013).
[20] V. M. Abazov et al. (D0 Collaboration), Phys. Rev. D
88, 5, 052011 (2013).
[21] CDF Collaboration, “Constraints on Models for the
Higgs Boson with Exotic Spin and Parity with CDF”,
Submitted to Phys. Rev. Lett., FERMILAB-PUB-15-
012-E (2015), [arXiv:1501.04875].
[22] V. M. Abazov et al. (D0 Collaboration), Phys. Rev. Lett.
113, 161802 (2014).
[23] J. Ellis, D. S. Hwang, V. Sanz, and T. You, J. High
Energy Phys. 11 (2012) 134.
[24] D. J. Miller, S. Y. Choi, B. Eberle, M. M. Mu¨hlleitner,
and P. M. Zerwas, Phys. Lett. B 505, 149 (2001).
[25] S. Chatrchyan et al. (CMS Collaboration), Nature
Physics 10, 557 (2014).
[26] S. Chatrchyan et al. (CMS Collaboration), J. High En-
ergy Phys. 05 (2014) 104.
[27] G. Aad et al. (ATLAS Collaboration), J. High Energy
Phys. 09 (2012) 070.
[28] G. Aad et al. (ATLAS Collaboration), Submitted to
J. High Energy Phys., CERN-PH-EP-2014-262 (2014),
[arXiv:1501.04943].
[29] S. Chatrchyan et al. (CMS Collaboration), Phys. Rev. D
89, 012003 (2014).
[30] G. Aad et al. (ATLAS Collaboration), J. High Energy
Phys. 01 (2015) 069.
[31] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett.
109, 111804 (2012).
[32] V. M. Abazov et al. (D0 Collaboration), Phys. Rev. D
88, 052008 (2013).
[33] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett.
109, 111803 (2012).
[34] V. M. Abazov et al. (D0 Collaboration), Phys. Rev. D
88, 052010 (2013).
[35] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D
87, 052008 (2013).
[36] V. M. Abazov et al. (D0 Collaboration), Phys. Lett. B
716, 285 (2012).
[37] Positions and angles are expressed in a cylindrical coor-
dinate system, with the z axis directed along the pro-
ton beam. The polar angle θ is defined with respect to
the proton beam direction. The missing transverse en-




Ei sin θinˆi, where i is the calorimeter tower num-
ber, and nˆi is a unit vector perpendicular to the beam
axis and pointing to the ith tower. The reconstructed ~6ET
is corrected for contributions from muons which register
less energy in the calorimeter, and for jet energy correc-
tions. The scalar magnitude of ~6ET is denoted 6ET .
[38] D. Acosta, et al. (CDF Collaboration), Phys. Rev. D 71,
032001 (2005); A. Abulencia, et al. (CDF Collaboration),
J. Phys. G 34, 2457 (2007).
[39] V. M. Abazov et al. (D0 Collaboration), Nucl. Instrum.
Methods A 565, 463 (2006); M. Abolins et al., Nucl.
Instrum. Methods A 584, 75 (2008); R. Angstadt et al.,
Nucl. Instrum. Methods A 622, 298 (2010).
[40] T. Sjo¨strand, S. Mrenna, and P. Skands, J. High Energy
Phys. 05 (2006) 026. We use pythia version 6.216 to
generate the Higgs boson signal events.
[41] H. L. Lai, J. Huston, S. Kuhlmann, F. I. Olness,
J. F. Owens, D. E. Soper, W. K. Tung, and H. Weerts,
Phys. Rev D 55, 1280 (1997).
[42] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and
T. Stelzer, J. High Energy Phys. 06 (2011) 128.
[43] J. Baglio and A. Djouadi, J. High Energy Phys. 10 (2010)
064.
[44] G. Ferrera, M. Grazzini, and F. Tramontano, Phys. Rev.
Lett. 107, 152003 (2011).
[45] O. Brein, A. Djouadi, and R. Harlander, Phys. Lett. B
579, 149 (2004).
[46] M. L. Ciccolini, S. Dittmaier, and M. Kramer, Phys. Rev.
D 68, 073003 (2003).
[47] LHC Higgs Cross Section Working Group,
arXiv:1201.3084.
[48] A. Djouadi, J. Kalinowski, and M. Spira, Comput. Phys.
Commun. 108, 56 (1998).
[49] A. Bredenstein, A. Denner, S. Dittmaier, and M. M. We-
ber, Phys. Rev. D 74, 013004 (2006) and J. High Energy
Phys. 02 (2007) 080;
A. Bredenstein, A. Denner, S. Dittmaier,
A. Mu¨ck, and M. M. Weber,
http://omnibus.uni-freiburg.de/~sd565/programs/prophecy4f/prop
(2010).
[50] J. M. Campbell and R. K. Ellis, Phys. Rev. D 60, 113006
(1999).
[51] U. Langenfeld, S. Moch, and P. Uwer, Phys. Rev. D 80,
054009 (2009).
[52] T. Aaltonen et al. (CDF and D0 Collaborations), Phys.
Rev. D 86, 092003 (2012).
[53] A. D. Martin, W. J. Stirling, R. S. Thorne, and G. Watt,
Eur. Phys. J. C 63, 189 (2009).
[54] N. Kidonakis, Phys. Rev. D 74, 114012 (2006).
[55] In the CDF analyses, backgrounds from SM processes
with electroweak gauge bosons or top quarks are mod-
eled using pythia [40], alpgen [56], mc@nlo [57], and
herwig [58]. For D0, these backgrounds are modeled us-
ing pythia, alpgen, and singletop [59], with pythia
providing parton showering and hadronization for all the
generators.
[56] M. L. Mangano, M. Moretti, F. Piccinini, R. Pittau, and
A. D. Polosa, J. High Energy Phys. 07 (2003) 001.
[57] S. Frixione and B.R. Webber, J. High Energy Phys. 06
(2002) 029.
[58] G. Corcella, I. G. Knowles, G. Marchesini, S. Moretti,
K. Odagiri, P. Richardson, M. H. Seymour, and
12
B. R .Webber, J. High Energy Phys. 01 (2001) 010.
[59] E. E. Boos, V. E. Bunichev, L. V. Dudko, V. I. Savrin,
and V. V. Sherstnev, Phys. Atom. Nucl. 69, 1317 (2006).
[60] A heavy-flavor jet is a reconstructed cluster of calorime-
ter energies associated with particles produced in the
hadronization and decay of a b or c quark.
[61] A b-tagged jet is a jet identified as being consistent with
that expected from the decay products of a b quark based
on properties such as the presence of displaced track ver-
tices or soft leptons.
[62] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett.
109, 111802 (2012).
[63] V. M. Abazov et al. (D0 Collaboration), Phys. Rev. Lett.
109, 121802 (2012).
[64] J. Freeman, T. Junk, M. Kirby, Y. Oksuzian,
T. J. Phillips, F. D. Snider, M. Trovato, and J. Vizan
et al., Nucl. Instrum. Methods A 697, 64 (2013).
[65] V. M. Abazov et al. (D0 Collaboration), Nucl. Instrum.
Methods A 620, 490 (2010).
[66] V. M. Abazov et al., (D0 Collaboration), Nucl. Instrum.
Methods A 763, 290 (2014).
[67] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett.
105, 251802 (2010).
[68] L. Breiman, Machine Learning 45, 5 (2001).
[69] A. Hocker et al., Proc. Sci., ACAT2007 (2007) 040
[arXiv:physics/0703039].
[70] S. Klimenko, J. Konigsberg, and T. M. Liss,
FERMILAB-FN-0741 (2003).
[71] T. Junk, Nucl. Instrum. Methods A 434, 435 (1999);
A. L. Read, J. Phys. G 28, 2693 (2002).
[72] W. Fisher, FERMILAB-TM-2386-E (2006).
[73] See Supplemental Material at http://link.aps.org/ sup-
plemental/xx.xxxx/PhysRevLett.xxx.xxxxxx for addi-
tional figures.
[74] ATLAS and CMS Collaborations, ATLAS-PHYS-PUB-

























ity Tevatron Run II, L ≤ 10 fb-1
























ity Tevatron Run II, L ≤ 10 fb-1












0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1













ity Tevatron Run II, L ≤ 10 fb-1


























ity Tevatron Run II, L ≤ 10 fb-1
























ity Tevatron Run II, L ≤ 10 fb-1











0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1













ity Tevatron Run II, L ≤ 10 fb-1




FIG. 4: Posterior probability density distributions for the combined searches for exotic JP = 0− and JP = 2+ bosons. (a)
The posterior probability density as a function of µ0− assuming µSM = 1 and a uniform prior density for non-negative µ0− ,
(b) the posterior probability density as a function of µ0− assuming µSM = 0 and a uniform density for non-negative µ0− ,
and (c) the posterior probability density as a function of the fraction of exotic boson production, µ0−/(µ0− + µSM), assuming
µ0− + µSM = 1, and a uniform prior density for non-negative values of the fraction. The dashed vertical lines indicate the
observed limits. Figures (d), (e), and (f) show the corresponding results for the JP = 2+ boson searches.
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FIG. 5: Distributions of LLR for the combined CDF and D0 searches for (a) the pseudoscalar (JP = 0−) boson, and (b) the
graviton-like (JP = 2+) boson. The LLR distributions are shown separately assuming that an exotic particle is present with
µexotic = 1 plus SM backgrounds, and if the SM Higgs boson plus SM backgrounds are present. The observed values of LLR
are shown with vertical lines. Shaded regions show the 68% and 95% confidence level regions on the distributions assuming the
SM Higgs boson is present, centered on the median expectation.
